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In this letter, we explore the potential benefits and limitations of using transmitter lenses in an orbital-angular-
momentum (OAM)-multiplexed free-space optical (FSO) communication link. Both simulation and experimental 
results indicate that within certain transmission distances, using lenses at the transmitter to focus OAM beams 
could reduce power loss in OAM-based FSO links, and that this improvement might be more significant for higher-
order OAM beams. Moreover, the use of transmitter lenses could enhance system tolerance to angular error 
between transmitter and receiver, but might degrade tolerance to lateral displacement. © 2015 Optical Society of 
America 
OCIS codes: (060.2605) Free-space optical communications; (050.4865) Optical vortices.  
http://dx.doi.org/10.1364/AO.99.099999
1. INTRODUCTION 
Free-space optical (FSO) communication links can potentially 
benefit from the simultaneous transmission of multiple, spatially 
orthogonal beams through a single transmitter-receiver aperture pair 
[1-2]. In general, when transmitting multiple orthogonal beams—each 
carrying an independent data stream—through the same medium, the 
total capacity could be multiplied by the number of beams [3-5]. The 
use of orbital-angular-momentum (OAM) beams as an orthogonal 
modal basis set in FSO communication links has received some 
attention in the literature [6-7]. A beam carrying OAM presents a 
helical “twisting” phase-front as it propagates, described by exp(iℓφ), 
where ℓ represents the OAM order and φ is the azimuthal angle. OAM 
beams with distinct ℓ are orthogonal to one another [8-9]. 
Orthogonality among these beams enables efficient multiplexing at the 
transmitter and demultiplexing at the receiver [10]. 
However, due to the beams’ phase and amplitude structure, OAM 
multiplexed FSO communication links present unique challenges. An 
OAM beam has two important characteristics: (1) It has a “doughnut-
shape” intensity profile, with little power at the center but more power 
at the annulus; (2) It has a rich phase-change at the center but less 
around the annulus [11-13]. To correctly recover an OAM beam, the 
rapid phase change that occurs in the center needs to be collected in 
order to ensure orthogonality among the OAM beams, while on the 
other hand, sufficient optical power should also be received to satisfy 
the system requirement for optical signal-to-noise-ratio (OSNR) [14-
15]. Therefore, sufficient capture of an OAM beam is critical for an 
operational communication system and will thus limit the 
transmission distance and the number of modes that can be supported 
[16]. One approach to achieve sufficient capture is to increase the 
transmitter and/or receiver aperture sizes, although this might 
increase total cost and the weight of the FSO link, and degrade system 
flexibility. Another approach is to use lenses at the transmitter to focus 
OAM beams, thus achieving smaller beam sizes at the receiver [17]. For 
an OAM-multiplexed FSO link, it would be worth investigating the 
effect of using transmitter lenses, on both the performance and 
robustness of the system. 
In this letter, we show the performance effects of using transmitter 
lenses in an OAM-multiplexed FSO communication link, through both 
simulation and experiment, exploring its potential benefits and 
limitations for system performance and robustness. Simulation results 
indicate that in 1 km and 10 km OAM-based FSO links, using 
transmitter lenses to focus OAM beams could reduce power loss; and 
that the use of transmitter lenses may reduce the power loss for 
higher-order OAM beams by more than 15 dB in both links. For system 
robustness, we investigate the effect of using transmitter lenses under 
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This may result in unique effects on OAM multiplexing in a lens system 
as well as different power loss and channel crosstalk compared with 
CW beams, which needs to be further studied [19-20]. Additionally, 
atmospheric turbulence might also result in distortion in OAM-based 
FSO links, the effects of which could be considered as angular error and 
displacement discussed above. However, severe signal fading might 
occur due to the intensity and phase fluctuation of the OAM beams. 
Such effects are not considered in this work and need further 
exploration. 
 
Acknowledgment. We acknowledge the generous support of NxGen 
Partners and Intel Labs University Research Office. 
References 
1. G. Gibson, J. Courtial, M. J. Padgett, M. Vasnetsov, V. Pas’ko, S. Barnett, 
and S. Franke-Arnold, Opt. Express 12, 5448 (2004). 
2. I. Djordjevic, Opt. Express 19, 14277(2011). 
3. J. Wang, J. Yang, I. M. Fazal, N. Ahmed, Y. Yan, H. Huang, Y. Ren, Y. Yue, S. 
Dolinar, M. Tur, and A. E. Willner, Nature Photonics 6, 488 (2012). 
4. D. Richardson, J. Fini, and L. E. Nelson Nature Photonics 7, 354 (2013). 
5. A. M. Yao, and M. J. Padgett, Advan. in Opt. and Photonics 3, 161 (2011). 
6. J. P. Torres and L. Torner, Twisted Photons: Applications of Light with 
Orbital Angular Momentum (John Wiley & Sons, 2011). 
7. L. Allen, M. W. Beijersbergen, R. J. C. Spreeuw, and J. P. Woerdman, Phys. 
Rev. A 45, 8185 (1992). 
8. N. Chandrasekaran and J. H. Shapiro, J. of Lightw. Tech. 32, 1075 (2014).  
9. A. Mair, A. Vaziri, G. Weihs, and A. Zeilinger, Nature 412, 313 (2001). 
10. J. A. Anguita, M. A. Neifeld, and B. V. Vasic, Appl. Opt. 47, 2414 (2008). 
11. H. J. Lezec, A. Degiron, E. Devaux, R. A. Linke, L. Martin-Moreno, F. J. 
Carcia-Vidal, and T. W. Ebbesen, Science 297, 820 (2002). 
12. R. L. Phillips and L. C. Andrews, Appl. Opt. 22, 643 (1983). 
13. J. Barry and G. S. Mecherle, Opt. Eng. 24, 1049 (1985). 
14. A. Farid and S. Hranilovic, J. of Lightw. Tech. 25, 1702 (2007). 
15. F. Tamburini, E. Mari, A. Sponselli, B. Thidé, A. Bianchini, and F. 
Romanato, New J. of Phys. 14, 1 (2012). 
16. G. Xie, L. Li, Y. Ren, H. Huang, Y. Yan, N. Ahmed, Z. Zhao, M. P. J. Lavery, N. 
Ashrafi, S. Ashrafi, R. Bock, M. Tur, A. F. Molisch, and A. E. Willner, Optica 
2, 357 (2015). 
17. L. Li, G. Xie, Y. Ren, N. Ahmed, H. Huang, Z. Zhao, P. Liao, M. P. J. Lavery, Y. 
Yan, Z. Wang, N. Ashrafi, S. Ashrafi, R. D. Linquist, M. Tur, and A. E. 
Willner, in Optical Fiber Communication Conference 2015 (Optical Society 
of America, 2015), pp. M2F.6. 
18. Y. Arimoto, M. Presi, V. Guarino, A. D’Errico, G. Contestabile, M. 
Matsumoto, and E. Ciaramella, in European Conference on Optical 
Communication 2008 (Optical Society of America, 2008), pp. Th.3.F.2. 
19. S. Feng, and H. G. Winful, Phys. Rev. E 63, 046602 (2001). 
20. K. Y. Bliokh, and F. Nori, Phys. Rev. A 86, 033824 (2012). 
  
Full References 
1. G. Gibson, J. Courtial, M. Padgett, M. Vasnetsov, V. Pas'ko, S. 
Barnett, and S. Franke-Arnold, “Free-space information transfer 
using light beams carrying orbital angular momentum,” Optics 
Express 12 (22), 5448-5456 (2004). 
2. I. Djordjevic, "Deep-space and near-Earth optical 
communications by coded orbital angular momentum (OAM) 
modulation," Optical Express 19, 14277-14289(2011). 
3. J. Wang, J.-Y. Yang, I. Fazal, N. Ahmed, Y. Yan, H. Huang, Y. Ren, Y. 
Yue, S. Dolinar, M. Tur, and A. E. Willner, “Terabit free-space data 
transmission employing orbital angular momentum 
multiplexing,” Nature Photonics 6 (7), 488-496 (2012). 
4. D. Richardson, J. Fini, and L. E. Nelson, "Space-division 
multiplexing in optical fibres," Nature Photonics 7, 354-362 
(2013). 
5. A. M. Yao, and M. J. Padgett, "Orbital angular momentum: origins, 
behavior and applications," Advances in Optics and Photonics 3 
(2), 161-204 (2011). 
6. J. P. Torres, and L. Torner, Twisted Photons: Applications of Light 
with Orbital Angular Momentum. John Wiley & Sons (2011). 
7. L. Allen, M. W. Beijersbergen, R. J. C. Spreeuw, and J. P. 
Woerdman, "Orbital angular momentum of light and the 
transformation of Laguerre-Gaussian laser modes," Physical 
Review A 45 (11), 8185 (1992). 
8. N. Chandrasekaran, and J. H. Shapiro, “Photon information 
efficient communication through atmospheric turbulence– Part 
I: channel model and propagation statistics,” IEEE Journal of 
Lightwave Technology B (6), 1075-1087 (2014).  
9. A. Mair, A. Vaziri, G. Weihs, and A. Zeilinger, “Entanglement of the 
orbital angular momentum states of photons,” Nature 412 
(6844), 313-316 (2001). 
10. J. A. Anguita, M. A. Neifeld, and B. V. Vasic, "Turbulence-induced 
channel crosstalk in an orbital angular momentum-multiplexed 
free-space optical link," Applied optics 47 (13), 2414-2429 
(2008). 
11. H. J. Lezec, A. Degiron, E. Devaux, R. A. Linke, L. Martin-Moreno, F. 
J. Carcia-Vidal, and T. W. Ebbesen, "Beaming light from a 
subwavelength aperture," Science 297 (5582), 820-822 (2002). 
12. R. L. Phillips, and L. C. Andrews, "Spot size and divergence for 
Laguerre Gaussian beams of any order," Applied Optics 22 (5), 
643-644 (1983). 
13. J. Barry, and G. S. Mecherle, "Beam pointing error as a significant 
design parameter for satellite-borne, free-space optical 
communication systems," Optical Engineering 24 (6), 241049-
241049 (1985). 
14. A. Farid, and S. Hranilovic, "Outage capacity optimization for 
free-space optical links with pointing errors," IEEE Journal of 
Lightwave Technology 25 (7), 1702-1710 (2007). 
15. F. Tamburini, E. Mari, A. Sponselli, B. Thidé, A. Bianchini, and 
F.Romanato, "Encoding many channels on the same frequency 
through radio vorticity: first experimental test," New Journal of 
Physics 14, 1-17 (2012). 
16. G. Xie, L. Li, Y. Ren, H. Huang, Y. Yan, N. Ahmed, Z. Zhao, M. P. J. 
Lavery, N. Ashrafi, S. Ashrafi, R. Bock, M. Tur, A. F. Molisch, and A. 
E. Willner, "Performance metrics and design considerations for a 
free-space optical orbital-angular-momentum–multiplexed 
communication link," Optica 2 (4), 357-365 (2015). 
17. L. Li, G. Xie, Y. Ren, N. Ahmed, H. Huang, Z. Zhao, P. Liao, M. P. J. 
Lavery, Y. Yan, Z. Wang, N. Ashrafi, S. Ashrafi, R. D. Linquist, M. 
Tur, and A. E. Willner, "Performance enhancement of an orbital-
angular-momentum-based free-space optical communication 
link through beam divergence controlling," In Optical Fiber 
Communication Conference, pp. M2F-6. Optical Society of 
America, 2015. 
18. Y. Arimoto, M. Presi, V. Guarino, A. D’Errico, G. Contestabile, M. 
Matsumoto, and E. Ciaramella, "320 Gbits/s (8× 40Gbits/s) 
double-pass terrestrial free-space optical link transparently 
connected to optical fibre lines," In Proc. ECOC, pp. 1-2. 2008. 
19. S. Feng, and H. G. Winful, "Higher-order transverse modes 
of ultrashort isodiffracting pulses," Physical Review E 63, 
046602 (2001). 
20. Bliokh, Konstantin Y., and Franco Nori. "Spatiotemporal 
vortex beams and angular momentum." Physical Review 
A 86, no. 3 (2012): 033824. 
 
 
